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What is the state of QC? Nasty, brutish and short

20 cycles of gates with 53 qubits
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Third floor on the west side, me and you

B(B0
s → µµ) = [2.9 ± 0.7(exp) ± 0.2(frag)] × 10−9

[1910.12127] η

s
(T ) = ???

Hq(x, ξ, t) = ??? Eq(x, ξ, t) = ???

Examples: Hadronization, QGP Dynamics, Hadron Tomography[1]

[1]
Carena, M. et al. In: Snowmass 2021 LOI TF10-077 (2020).
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QFT is about infinities and how to regulate them

V = ∞ → V = Ld

a = 0 → a = as

{H} = ∞ → {H} = N

〈O∞〉
〈OL〉 = 〈O∞〉+ f (L)

〈Oa〉 = 〈O∞〉+ f (L, a)

〈OH〉 = 〈O∞〉+ f (L, a, {H})
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LFT has been successful beyond our wildest dreams

S∞ =

∫

d4x

[

−1

4
FµνFµν + q̄(i /D −m)q

]

SW =
∑

x

[βReTr(1− Up) + Sf ] with Up = U1U2U
†
3U

†
4 and Ui = e iaµA

µ

Wick rotate t → iτ then sample from e−SR

LFT can compute most 〈ψi |
∏

n On(τn)|ψi 〉
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Sign(al-to-noise) problems stymie Monte Carlo

SI = 0, 〈σ〉SR = 1

S I
6= 0,

〈σ〉SR

≤ 1

For real-time dynamics, SR = 0!
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What do I gain with a quantum computer?[2]

〈ψi |
∏

n On(tn)|ψi〉 = 〈ψi |e iHt0O0e
iHδtO1 . . . e

−iHT |ψi〉

QC can efficently represent superpositions and entanglement

Digital QC provide entangled qubits and gates, not field theories.

[2]
Feynman, R. P. In: Int.J.Theor.Phys. 21 (1982).
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What should a theorist be aware of?

Think assembly language and bits...
+Noise limits fideltiy of gates to 95− 99% today

Connectivity matters!

O(10) physical qubits with O(10) gates
Laptop can do ∼ 14 logical qubits and O(103) gates in minutes
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Balancin’ on breaking branches

43 Z2 η?

43 V η?

203 V PDF?

SQMS Center @ Fermilab
IBM’s Extrapolation
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So ahead of the curve, the curve becomes a sphere

(1970s) Formulate the problem

(1980s) Reaching the continuum

(1990s) Reducing lattice artifacts

(2000s) Dynamical Fermions

(2010s) Form Factors, QED

(2020s) PDFs & Nuclei
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Bustling S or silent H, you’re not sure which is worse
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What “champange problems” need to be solved?

|q〉N → |G 〉? U|G 〉L → |ψ0〉?

U|ψ0〉 → |ψ(t)〉? 〈O〉?

Digitize: How are bosons
represented as registers?

Discrete Subgroups[3]

Initalize: How can registers
be set to a state?

Stochastically?[4]

Propagate: How can gates
evolve states?[5]

Evaluate: How can
observables be computed?[6]

[3]
Alexandru, A. et al. In: Phys.Rev.D 100 (2019). arXiv: 1906.11213 [hep-lat].

[4]
Gustafson, E. J. and H. Lamm. In: (Nov. 2020). arXiv: 2011.11677 [hep-lat].

[5]
Lamm, H., S. Lawrence, and Y. Yamauchi. In: Phys. Rev. D100 (2019). arXiv: 1903.08807 [hep-lat].

[6]
Lamm, H., S. Lawrence, and Y. Yamauchi. In: Phys. Rev. Res. 2 (2020). arXiv: 1908.10439 [hep-lat].
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All Things Considered

Lots of choices for bosons[7]:

Casimir Dynamics - Loop-String-Hadrons - Dual Variables - Light-Front - Quantum Link Models - Qubit Regularization

- Discrete Subgroups

What qualities make a GOOD scheme?

What are the quantum resources required?

What symmetries are being broken in truncation?

What is the rate of approach to the physical point?

Can the scheme be simulated classically?
[7]

Gustafson, E. et al. In: Snowmass 2021 LOI TF10-97 (2020).
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Consequences of your B(x) being a little too strong

HKS ∼ g2
∑

x

E (x)2 +
1

g2

∑

x

B(x)2

How good is the E “free-particle” basis in QCD?

Naively truncating in either basis breaks gauge invariance
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Discrete subgroups allow plug-and-play framework[8]

Replace G → H in e−S , e−iH

H has ∆S > 0 so 1st PT at βf <∞...

0

0.2

0.4

0.6

0.8

1

0 2 4 6 8 10

〈E
0
〉

β0

SU(3)
V, β1 = 0

One SU(3) link for 1152 qubit vs 43 lattice of V links

[8]
Bhanot, G. In: Phys. Lett. 108B (1982), Hackett, D. C. et al. In: Phys. Rev. A99 (2019).
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But all is not so dire

For discrete groups, the freezing is secretly the Higgs mechanism[9]:

SW = βReTr[1− up] ≈ −1

4
FµνF

µν + (Dµφ)
†(Dµφ)−

∑

{h}

ch

Λnh
f (φnh)

where {nh} grows with size of H [10]

There is a close analogy to lattice actions:

SW = βReTr[1− Up] ≈ −1

4
FµνFµν +

1

12
a2DµFµνDµFµν

...where the solution is Symanzik improvement (add lattice operators)

[9]
Fradkin, E. H. and S. H. Shenker. In: Phys. Rev. D 19 (1979).

[10]
Das, S. and A. Hook. In: JHEP 10 (2020). arXiv: 2006.10767 [hep-ph].
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Systematics from Group Space Decimation[11]

Decimate via U = u · ǫ in analogy to Wilsonian renormalization:

Z =

∫

G

DU e−S[U] =
∑

u∈H

∫

Ω
Dǫ e−S[u,ǫ] =

∑

u∈H

e−S[u] ,

S [u] =
∑

p

β{1}
1

3
Reχ{1} + β{2}

1

6
Reχ{2} + β{1,−1}

1

8
χ{1,−1} + · · ·

0
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〈E
0
〉

β̃{1}

SU(3)
V O(β1)
V O(β2)
V O(β3)

[11]
Flyvbjerg, H. In: Nucl. Phys. B243 (1984), Ji, Y., H. Lamm, and S. Zhu. In: Phys. Rev. D 102 (2020). arXiv:

2005.14221 [hep-lat].
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Tc

√
t0 suggests a ≈ 0.07 fm ≈ 2 GeV−1 possible[13]

S =
∑ β0

3 ReTrU + β1f (U) with f (U) = {Tr2 U + TrU2, |TrU|2}
Compare to SU(3)[12]

On-going work to extract quenched spectroscopy

[12]
Francis, A., O. Kaczmarek, M. Laine, T. Neuhaus, and H. Ohno. In: Phys. Rev. D 91 (2015).

[13]
Alexandru, A. et al. In: Phys.Rev.D 100 (2019). arXiv: 1906.11213 [hep-lat].
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EρOQ: A hybrid technique for real-time LQCD[14]

Preping |ψ0〉 is expensive! Use classical resources via Schwinger-Keldysh

〈O(t)〉 = TrP†e−βHPe−iHtOe iHt

Tr e−βH

e−βH

�[Ψi]

�[Ψj]

P Ψ̃i

P Ψ̃j

eiHt

e−iHt

O(t)

}∆τ

∆t
︷︸︸︷

Classical: open-BC LQCD yields (e−βH)ij then project with P

Quantum: Time-evolve elements of simpler (P†e−βHP)ij
[14]

Harmalkar, S., H. Lamm, and S. Lawrence. In: (). arXiv: 2001.11490 [hep-lat], Gustafson, E. J. and H. Lamm.
In: (Nov. 2020). arXiv: 2011.11677 [hep-lat].
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Simulator Results for 2+1D D4 & Z2 gauge theories

14q D4 gauge theory (NuQS)

Nonabelian group with N = 8
Thermal |ψ〉 with Smearing

U0

U0

U1

U1

U2 U3 U2

1.5
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1.7

1.8
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2
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〈R
eT

rP
1
(t
)〉

t

α = 0.0
α = 0.7

18q Z2 gauge theory (w/ Gustafson)

Abelian group with N = 2
n-particle |ψ〉

Proposals for these on Rigetti &
Google on . 5 year scale
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What is trotterization?

U(t) =e−iHt ≈
(

e−iδt
HV
2 e−iδtHK e−iδt

HV
2

)
t
δt

≈ exp

{

−it

(

HK + HV +
δt2

24
(2[HK , [HK ,HV ]]− [HV , [HV ,HK ]])

)}

1

1.2

1.4

1.6

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

〈O
(t
)〉

Nδt

δt = 0.50

δt = 0.25

δt = 0.10

δt is bare c(a, at) not physical at
Introduces higher dimension operators
Eigenstates of H(a, at = 0) mix at finite at → quantum smearing?
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Approaching the continuum

Hamiltonian limit: at → 0 (unnecessarily expensive)
Continuum limit: at , a → 0 (the one that I want)
Fix ξ = a/at to efficiently get QFT

Can Euclidean calculations be used to scale-set Minkowski ones?
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Relating H to S (Work with Carena, Li, Liu)

The anisotropic Wilson action is

SW =
1

g2
t

ξ
∑

t

ReTrUt +
1

g2
s

1

ξ

∑

s

ReTrUs (1)

thru T = 〈i |e−S |j〉 ≈ 〈i |e−a0H |j〉 derives the Kogut-Susskind H [15]

HKS =
1

c(a, a0)a

[

g2
H(a, a0)

2

∑

l

l2ij +
1

g2
H(a, a0)

∑

p

ReTrUp

]

(2)

[15]
Creutz, M. Quarks, gluons and lattices. Cambridge Monographs on Mathematical Physics. Cambridge, UK: Cambridge

Univ. Press, June 1985.
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What low-level primatives are required for LGT?[16]

Inversion gate: U−1 |g〉 =
∣

∣g−1
〉

Multiplication gate: U× |g〉 |h〉 = |g〉 |gh〉

Trace gate UTr(θ) |g〉 = e iθ ReTr g |g〉

Fourier Transform gate: UF

∑

g∈G f (g) |g〉 =
∑

ρ∈Ĝ f̂ (ρ)ij |ρ, i , j〉

U
†
F

Uphase UF

U
†
F

Uphase UF

U
†
F

Uphase UF

U
†
F

Uphase UF

|U12〉 U× U× U× UTr U× U× U×

|U13〉 U−1 • U−1 •

|U24〉 • U−1 • U−1

|U34〉 U−1 • U−1 •

[16]
Lamm, H., S. Lawrence, and Y. Yamauchi. In: Phys. Rev. D100 (2019). arXiv: 1903.08807 [hep-lat].
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Small steps with D2N for quantum leaps

0 2 4 6 8 10 12
0.00

0.02

0.04

0.06

0.08

0.10

0.12

β

〈E
0
〉 D8 is enough?

D4

D8

D10

D16

D2N multiply: h1 × h2 = vm1un1vm2un2 = vm1+m2uNm2+(−1)m2n1+n2

All-to-all connectivity Linear connectivity

NCNOT = 21Nq − 31 NCNOT ≤ 126N2
q − 438Nq + 372

Ancilla qubits: Nq − 1
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Primative gates on Rigetti (w/ Alam)

Prelim: U× for D4 has ≈ 30% fidelity =⇒ UV has < 10−3 fidelity
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It’s time to go

So many things to do!...and lots can be done before the machine exists

Digitizing SU(3)

Spectroscopy for V
V circuits

Reducing the errors

e.g. Finite volume, finite a, at ,
decimation errors, fidelity to obtain
realisitic resource estimates

Algorithms for state prep, smearing

Investigate desirable properties

PDF?, Viscosity?, Cosmology?

Actual simulations of toy models

Z2 & D4
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